Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract infection (LRTI) in children from infancy up to early childhood. Recently, we demonstrated that RSV infection alters cellular small non-coding RNA (sncRNA) expression, most notably the tRNA-derived RNA fragments (tRFs). However, the functions of the tRFs in virus-host interaction are largely unknown. Herein, we examined the role of three RSV-induced tRFs derived from the 5-end of mature tRNAs decoding GlyCCC, LysCTT and CysGCA (named tRF5-GlyCCC, tRF5-LysCTT and tRF5-CysGCA, respectively) in controlling RSV replication. We found that tRF5-GlyCCC and tRF5-LysCTT, but not tRF5-CysGCA, promote RSV replication, demonstrating the functional specificity of tRFs. The associated molecular mechanisms underlying the functions of tRF5-GlyCCC and tRF5-LysCTT were also investigated. Regulating the expression and/or activity of these tRFs may provide new insights into preventive and therapeutic strategies for RSV infection. The study also accumulated data for future development of a tRF targeting algorithm.
INTRODUCTION
Respiratory syncytial virus (RSV) is an enveloped virus which used to belong to the family Paramyxoviridae and the genus Pneumovirus [1] . Pneumovirus has recently been reclassified as a separate family; RSV is now in the family Pneumoviridae [2] . As the most commonly identified virus in young children with acute lower respiratory tract infection (LRTI), RSV contributed to an estimated 33.8 million new cases globally in 2005 [3] . Furthermore, 3.4 million children underwent severe RSV-associated LRTI, requiring hospitalization and nearly 199 000 children younger than 5 years old died that year. Preventive strategies are limited to active paediatric and passive maternal immunization [4] . However, the treatment or vaccine for RSV infection is not effective, which suggests the need for a comprehensive understanding of host-RSV interaction for the development of better treatments and vaccines.
During the last decade, significant attention has been directed towards the identification of small non-coding RNAs (sncRNAs; <200 nt long) and their diverse regulatory functions, which has revolutionized biomedicine. Some well-studied sncRNAs, such as small interfering RNA (siRNA), microRNA (miRNA) and piwi-interacting RNA (piRNA), have emerged as a key regulatory group of antiviral innate immune responses (reviewed in [5] ). With the development of high-throughput sequencing technologies, more classes of sncRNAs, including those derived from mRNA (messenger), rRNA (ribosomal), tRNA (transfer) and snoRNA (small nucleolar RNA) were discovered; however, with little information on their biogenesis and functions [6] [7] [8] .
sncRNAs derived from tRNAs, called tRNA-derived RNA fragments (tRFs), have been recently identified by several research groups, including us [9] [10] [11] . There is increasing evidence that some tRFs are not by-products of random degradation, but functional molecules [5, 9, 10, 12] . We recently found that RSV specifically led to an abundant induction of tRFs [10, 13] . We believe these tRFs are functional based on: (1) not all tRNAs being cleaved by RSV infection; (2) the cleavage is virus-specific, as a close member of RSV called human metapneumovirus does not induce tRFs; (3) the cleavage seems dependent on a specific RNase angiogenin (ANG); and (4) the cleavage happens right at the anticodon region of tRNAs. However, the functions of most RSV-induced tRFs, except the one derived from the 5¢-end of mature tRNA GluCTC (tRF5-GluCTC), have not been investigated.
In this study, we examined the role of three RSV inducible tRFs derived from the 5¢-end of mature tRNAs decoding GlyCCC, LysCTT and CysGCA (named tRF5-GlyCCC, LysCTT and CysGCA, respectively) in controlling RSV replication. Unlike the previously described tRF5-GluCTC, these tRFs seem specific in viral infection, as they have not been reported in other biological settings including cancer and cellular stress [9, 14, 15] . We found that tRF5-GlyCCC and tRF5-LysCTT, but not tRF5-CysGCA, play a significant role in promoting RSV replication, demonstrating the functional specificity of these tRFs. The molecular mechanisms underlying the functions/targeting of tRF5-GlyCCC and tRF5-LysCTT were also investigated. This is the first study to report that two additional novel tRFs are functionally important for RSV replication, therefore providing potential therapeutic targets to be used to control RSV replication. In addition, this study investigated targeting mechanisms of tRF5-GlyCCC and tRF5-LysCTT, generating more data for the development of a tRF-targeting algorithm in the future. Therefore, the results of the study will not only help the virology community to understand the effect of this new family of sncRNAs on virus-host interaction, but also the RNA research community in general regarding methods for tRF function studies and the targeting mechanisms of tRFs.
RESULTS

Expression validation of RSV-induced tRFs
A global change in sncRNA expression in response to RSV infection was recently investigated by Illumina ultra-highthroughput sequencing and sequence mapping. Upon RSV infection, tRFs are robustly induced. The induction of tRFs is virus specific as the infection of hMPV, a closely related respiratory virus, does not result in such a significant change in tRF induction [10] . We scrutinized one of the most abundantly induced tRFs, namely tRF5-GluCTC, to establish the methods to study its gene regulatory mechanisms [10, 13] . However, the functions of other inducible tRFs have not been explored and the experimental methods established from the tRF5-GluCTC study have not been validated. Here, we selected three tRFs with different ranges of induction to confirm the importance of tRFs in RSV infection. They are tRF5-GlyCCC (90-fold induction), tRF5-CysGCA (36-fold induction) and tRF5-LysCTT (14-fold induction), whose induction were confirmed by Northern blot (Fig. 1) . Similar to the cleavages of previously studied tRF5-GluCTC, these tRFs are products of the anticodon cleavage of mature tRNAs, supporting that the RNA cleavage is structurally dependent.
Role of tRF5-GlyCCC and tRF5-LysCTT in viral replication sncRNAs, if they regulate viral replication, would be ideal tools for controlling viral replication, as they are nonimmunogenic. Therefore, the role of these RSV-induced tRFs in RSV replication was investigated by comparing viral infectious particles produced from the cells treated with antisense oligonucleotide against a specific tRF5 or scrambled control oligo. As shown in Fig. 2(a) , suppression of tRF5-GlyCCC and tRF5-LyCTT led to decreased RSV replication by a log. However, the contribution of tRF5-CysCGA seemed insignificant. Western blot for viral protein expression also demonstrated less viral protein expression in infected cells treated with antisense oligo specifically against tRF5-GlyCCC and tRF5-LysCTT, but not against tRF5-CysCGA (Fig. 2b) , supporting the result shown in Fig. 2(a) . We also used a combination of antisense oligos against tRF5-GlyCCC and tRF5-LyCTT at a 1 : 1 ratio with a final total concentration at 100 nM, and found that treated cells had a about 1.7 log less virus replication than cells treated with control oligos. Conversely, overexpression of mimic for tRF5-GlyCCC or tRF5-LysCTT significantly enhanced RSV replication, further confirming the role of these two tRFs in RSV replication (Fig. 2c, d ).
Gene regulatory function of tRF5-GlyCCC and tRF5-LysCTT We have previously shown that tRF5-GluCTC promotes RSV replication through its gene trans-silencing function at the post-transcriptional level. tRF5-GlyCCC and tRF5-LysCTT were detected restrictively in the cytosol compartment (Fig. S1 , available with the online Supplementary Material). Therefore, if they regulate gene expression, such regulation is likely to be at the level of post-transcription. Here, we first tested whether tRF5-GlyCCC and tRF5-LysCTT also have a gene regulatory capability [13] . If these tRFs have a gene trans-silencing function like tRF5-GluCTC, they would recognize the complementary sequence as a target site, therefore downregulating the expression of Pp harbouring a reverse complementary sequence of tRF5-GlyCCC or tRF5-LysCTT, namely the relative luciferase activity of 'Pp-anti_GlyCCC_WT' and 'Ppanti_LycCTT_WT', respectively [10, 16] .
As shown in Figs 3(b) and 4(b), compared to mockinfection, RSV infection significantly decreased the relative luciferase activity of 'Pp-anti_GlyCCC_WT' and 'Pp-anti_-LycCTT_WT', but did not affect that of 'Pp-control' (left two bars versus middle two bars), suggesting that both induced tRF5-GlyCCC and tRF5-LysCTT have a transsilencing activity like tRF5-GluCTC. To determine that the observed decrease of luciferase activity was tRF5-GlyCCCor tRF5-LysCTT-specific, we inhibited the individual tRF by transfecting cells with 20 nt antisense oligonucleotides whose sequences were complementary to tRF5-GlyCCC/ tRF5-LysCTT (see Figs 3(a) and 4(a) for their sequence), as previously described [10, 13, 17, 18] . Compared to a nontargeting control oligoribonucleotide (designated as 'anticontrol'), transfection of either of these two tRFs efficiently restored the luciferase activity that was decreased by RSV infection (right two bars versus middle two bars in Figs 3(b) and 4(b)). These data suggest that both tRF5-GlyCCC and tRF5-LysCTT have a gene trans-silencing function.
In this study, we also used mutants of 'Pp-anti_-GlyCCC_WT' and 'Pp-anti_LycCTT_WT' to determine the sequence requirements for the trans-silencing capacity of these two tRFs. 3~4 nt mutations at the 3¢-, middle-or 5¢-region of the tRF5-GlyCCC or tRF5-LysCTT target sites were introduced into the sensor plasmids 'Pp-anti_GlyCCC' and 'Pp-anti_LysCTT' as depicted in Figs 3(a) and 4(a), respectively. As shown in Fig. 3(c) , contrary to Pp-anti_-GlyCCC_WT or 'Mut3', the luciferase activity of the other two mutants had impaired responsiveness to RSV infection, indicating that the 5¢-and the middle regions of tRF5-GlyCCC were critical for its trans-silencing activity. Hence, the sequence requirement for tRF5-GlyCCC was slightly different from that of miRNAs whose 5¢-portion (called the 'seed sequence') was almost solely responsible for target recognition. The trans-silencing mechanism used by tRF5-GlyCCC was also distinct from that of tRF5-GluCTC whose 3¢-portion was the most important one for its trans-silencing function. The importance of 5¢-and middle-portions of tRF5-GlyCCC were also confirmed by investigating the luciferase expression of 'Pp-anti_GlyCCC', WT, Mut5 or MutM, in response to the ectopic expression of tRF5-GlyCCC, as described previously [10] . Upon transfection of this mimic into A549 cells, the luciferase activity of 'Pp-anti_GlyCCC_WT', was significantly suppressed by 'tRF5-GlyCCC-mimic' (Fig. 3d) . However, the luciferase expression of Mut-3 and Mut-Middle was not sensitive to the treatment of tRF5-GlyCCC-mimic (Fig. 3d) . In summary, our data demonstrated that tRF5-GlyCCC suppressed target gene expression, through a mechanism distinct from the recently characterized tRF5-GluCTC. Similar strategies were applied to identify functional regions of tRF5-LysCTT. As shown in Fig. 4(c, d) , when the 3¢-and middle-portions were mutated, the luciferase expression became significantly less responsive to RSV infection or the ectopic expression of tRF5-LysCTT, compared to the luciferase expression controlled by the sequence complementary to WT tRF5-LysCTT, suggesting that these two regions were important to its gene trans-silencing function. This sequence requirement for gene silencing was different from miRNAs but similar to tRF5-GluCTC. Collectively, in our mutant experiments for several tRFs, the degree of transsilencing activity did not simply correlate to overall G values and each tRF needed different regions for base pairing to the targets, suggesting that certain specific mechanisms seem to exist for individual tRFs.
Effects of tRF5-GlyCCC and tRF5-LysCTT on RSVinduced cytokines and chemokines
Inflammation is always associated with viral infection. In this study, we also compared RSV-induced chemokines and Pp luciferase plasmid
Gene trans-silencing function of tRF5-GlyCCC. (a) The sensor plasmid 'Pp-anti_GlyCCC' was constructed by inserting an oligonucleotide, which was complementary to tRF5-GlyCCC, into EcoRI/XhoI sites of pcDNA3.1-Zeo(+)-Pp, as described previously [41] . An empty pcDNA3.1-Zeo (+)-Pp vector was used as a control (designated as 'Pp-control'). To dissect the target interaction regions of tRF5-GlyCCC, the mutated oligonucleotides were inserted into luciferase reported as instructed. cytokines in cells treated with a control antisense oligo or an oligo specifically against tRF5-GlyCCC or tRF5-LysCTT (Fig. 5a ). Downregulation of these two tRFs suppressed the induction of IL-6, IL-8, MIP-1b and RANTES by RSV, while the treatment of tRF5-GlyCCC mimic stimulated cells to produce these in response to RSV (Fig. 5b) . We also observed that tRF5-LysCTT enhanced the induction of IL-6 and RANTES, but not MIP-b and IL-8 in response to RSV infection (Fig. 5b) . Although IL-8 induction in tRF5-LysCTT mimic-treated cells was not significant (P=0.7), there was a tendency of increased induction. Overall, these data suggest that antisense treatment may not only reduce RSV replication, but also associated inflammation, providing a more promising direction for using anti-tRF oligo to control both RSV replication and pathogenesis.
Biogenesis of tRF-GlyCCC and tRF5-LysCTT
We have previously shown that tRF5-GluCTC is generated by an endonuclease angiogenin (ANG). Close inspection of tRFs in the high-throughput data revealed several consensus features of induced tRFs, including the enrichment of 5¢-end, but not 3¢-end fragments and the preferential cleavage sites at the 5¢-side of the anti-codon loop, suggesting ANG may be also responsible for the cleavage of other RSV-induced tRFs.
To test this hypothesis, we artificially suppressed ANG by a siRNA and measured tRF5-GlyCCC and tRF5-LysCTT in RSV-infected A549 cells. When the siRNA led to the successful knockdown of ANG (Fig. 6a) , the induction of tRF5-GlyCCC and tRF5-LysCTT by RSV infection was significantly (>50 %) attenuated (Fig. 6b ). For comparison, we did similar knockdown experiments for Dicer, also a cytosol endonuclease, but responsible for the biogenesis of miRNAs, another sncRNA family. Interesting, although these two tRFs have gene trans-silencing activity, their induction by RSV seems to be Dicer-independent. Suppressing siRNAs specific against Dicer did not affect the induction of tRF5-GlyCCC and tRF5-LysCTT upon RSV infection (Fig. 6b) . Collectively, our data support our hypothesis that the production of tRF-5s upon RSV infection specifically required ANG.
DISCUSSION
Unbiased deep sequencing of human sncRNAs has shown the changes of tRFs in response to various types of diseases, including cancer, neuro-developmental disorders and infections; however, the significance of tRFs in diseases and the associated molecular mechanisms remain largely unknown, mainly due to the lack of methods for the functional studies [9, 10, [19] [20] [21] . Following our report on the function of tRF5-GluCTC in regulating RSV replication [10, [22] [23] [24] , many recent studies suggest the role of tRFs in infectious diseases; however, other important tRFs in infectious diseases have not been identified. Here, we identified two novel tRF(s), other than tRF5-GluCTC, that play a critical role in regulating RSV replication and the associated host responses. We found that tRF5- To identify whether tRF5-LysCTT has the gene trans-silencing function and associated regulatory mechanism, the sensor plasmid 'Pp-anti_LysCTT' or its mutants were constructed as described in Fig. 3(a) . (b). To define the gene trans-silencing function of tRF5-LysCTT, dual-luciferase assays were done as described in Fig. 3(b) , except Ppanti_LysCTT sensor plasmids (firefly plasmids) and anti-LysCTT oligonucleotides were used. ** On second black bars (RSV infected, Ppanti_LysCTT and anti-control oligo-treated), as indicated, denotes a P-value<0.01, relative to the second open or plain bar (mockinfected and Pp-anti_LysCTT and anti-control oligo-treated). (c) To identify targeting mechanisms of tRF5-LysCTT, the experiment was carried out as described in Fig. 3 (c) using the plasmids designed in Fig. 4 Fig. 4 (c), tRF5-LysCTT mimic was used to investigate its suppression on the luciferase expression of Pp-anti-LysCTT (Pp-WT) and motif mutants identified in Fig. 4 
(a). (d) To confirm the interacting regions identified in
(c).
GlyCCC and tRF5-LysCTT have such functions, based on their regulation of RSV replication, their ability in gene trans-silencing and their impact on RSV-induced cytokines/chemokines.
In an effort to develop a tRF targeting algorithm for future use, we first attempted to determine a critical region(s) for gene trans-silencing functions. We found that, like tRF5-GluCTC, tRF5-LysCTT used its 3¢-region to recognize the target site ( [10] and Fig. 4c ), while the 5¢-end of tRF5-GlyCCC was critical in gene targeting (Fig. 3c) . Interestingly, the middle region of these~30 nt tRFs were also important in gene trans-silencing in all the three tRFs. Although there were too few cases to draw a general conclusion, it appears that some degree of base pairing interaction at the middle portion is required for anchoring tRFs to target mRNAs and then additional interaction at the 5¢ or 3¢-portions is also needed for trans-silencing action. For a consensus conclusion, more mutant data will be needed. In addition, identification/characterization of protein components should be included to elucidate the target recognition rule.
It has been shown that the cytosine methylation of tRFs may play an important role in neuro-developmental disorders, suggesting that the modification of tRFs is critical for their function [20, 21] . However, the methylation of tRFs may not affect their interaction with target regions, as the cytosine-rich region of all three tRFs is located in the 5¢-end. In addition, the 5¢-end regions of tRF5-GlyCCC and tRF5-LysCTT are quite similar, yet their roles in gene transsilencing are quite different (Fig. 1) . The different targeting mechanisms of tRFs are an interesting research focus for the future. In addition, to finalize the targeting algorithm, more function and targeting mechanism assays are needed for other induced tRFs. Nevertheless, based on the cytosolic location (Fig. S1 ), we believe that the gene trans-silencing function of all three tRFs is at the protein translation and/or RNA stability level, as with miRNAs.
Previously described tRNA halves identified in bacteria, fungi and plants have the cleavage sites throughout the anticodon loop and the T C arm [25] [26] [27] , while the cleavage sites of RSV-induced tRFs are biased towards the 5¢-side of the anticodon ( [10] and Fig. 1a) . Species-specific RNases, nuclease isoforms and cellular stimuli are key factors responsible for the difference in tRNA cleavage [15, 25, 28, 29] . We have previously shown that, in response to infection, mammalian cells use ANG for tRNA cleavage, which results in~30 nt 5¢-end derived tRFs (Fig. 1a and [10, 22] ). In addition to ANG, Dicer is also responsible for producing tRF5s, but a 19 mer in mammalian cells under stress [28] . In response to RSV infection, we confirmed the importance of ANG, but not Dicer, in producing 30 mer tRF5s (Fig. 6a) . Overall, the stimuli-and endonuclease-specific tRNA cleavage supports that tRFs are biologically meaningful [9, 15, 28, 29] .
Despite the early ignorance of the presence of abundant tRFs in next generation sequencing data, our data and the accumulating evidence from others support tRFs as being an important class of functional molecules. In addition to their fragmentation patterns as discussed, we found tRFs have gene silencing functions. The gene silencing functions of tRFs are consistent with studies showing some tRFs being bound to Argonaute/Piwi proteins, well-known components of the RNA-induced silencing complex [30] [31] [32] [33] [34] [35] . In this study, we are particularly interested in the role of tRFs in the replication of RSV and the associated host response, as the pulmonary RSV load is correlated to the disease severity [36] [37] [38] . We found that both tRF5-GlyCCC and tRF5-LysCTT play significant roles in controlling inflammation and RSV replication, suggesting a translational potential or conceptual framework for designing therapeutic molecules. Although tRF5-CysGCA seems unimportant in controlling RSV replication, this does not exclude it from being critical in the infection. We will continue to investigate its biological function(s), including but not limited to its role in growth factor induction and the host mRNA modification. Given the fact that only a subset of tRNAs are cleaved by RSV infection, we believe there is a reason for tRNA-CysCGA to be cleaved. Overall, we have validated our experimental methods to study the functions of tRFs. These methods are helpful to define the roles of tRFs in other biological settings, including stress responses, cell proliferation and tissue development. The feature of endonuclease-specific tRNA cleavage also provides new insights into the disease control, for example, by modifying the activity or the expression of the endonuclease. We are accumulating valuable data to develop the targeting algorithm of tRFs, which, we hope, will also accelerate functional studies of tRFs in a near future.
METHODS
Cell lines and virus
HEp-2 (Human epithelial type 2), A549 (human alveolar type II-like epithelial cells) and 293 (human embryonic kidney epithelial cells) cells were from ATCC, Manassas, VA, and maintained as described previously [13, 39, 40] . RSV A2 strain was grown in HEp-2 cells and purified by sucrosegradient as we previously described [10, 13, 40] . Viral titre was determined by immunostaining in HEp-2 cells using polyclonal biotin-conjugated goat anti-RSV antibody (Ad direct, Barberton, OH) and streptavidin peroxidase polymer (Sigma, St. Louis, MO) sequentially, as described previously [10, 13] .
Viral infection
A549 cells, treated with/without oligonucleotides against or mimicking an interested tRF, were infected with RSV, at a multiplicity of infection (m.o.i.) of 1. An equivalent amount of fresh FK-12 medium with 2 % FBS was added to uninfected cells, as control (mock infection). After initial absorption, viral inoculum was removed and cells were supplied with fresh medium with 2 % FBS. Fifteen hours later, infected cells were scrapped into the medium, followed by sonication to release intracellular viruses and centrifugation. Viruses in the supernatant were titrated by immunostaining in HEp-2 cells, as described above.
RNA extraction and expression confirmation of tRFs by Northern blot Total cellular RNA was extracted by TRIzol Reagents from Thermo Fisher Scientific, Waltham, MA. Northern hybridization for sncRNAs were performed, as described previously [10, 13] . Briefly, RNA was separated in an 8 % denaturing polyacrylamide gel with 7M urea and then transferred to a positively charged nylon membrane (Amersham Biosciences, Piscataway, NJ). The membrane was hybridized with 32 P -lablled probes in ULTRAhyb-Oligo solution (Life Technologies, Grand Island, NY), followed by washing according to the manufacturer's instructions.
Construction of luciferase sensor plasmids and luciferase assays
The sensor plasmid 'Pp-anti_GlyCCC_WT' and 'Pp-anti_-LysCTT_WT' were constructed to investigate whether tRF5-GlyCCC and/or tRF5-LysCTT have gene silencing functions. Briefly, an oligonucleotide which was complementary to tRF5-GlyCCC or tRF5-LysCTT, respectively, was inserted into EcoRI/XhoI sites of pcDNA3.1-Zeo(+)-Pp, as we previously described [10] . The paired primers used for insertion were: 5¢-AATTCTTGCATGATACCACTA-CACCAGCGGCGC-3¢ and 5¢-TCGAGCCCCGCTGGTG TAGTGGTATCATGCAAG-3¢ (bold letters represent extra nts to generate EcoRI/XhoI overhangs) for tRF5-GlyCCC, and 5¢-AATTCTCATGCTCTACCGACTGAGC TACCCGGGC-3¢ and 5¢-TCGACCCCGGCTAGCTCAG TCGGTAGAGCATGAG-3¢ for tRF5-LysCTT. An empty pcDNA3.1-Zeo (+)-Pp vector was used as a control (designated as 'Pp-vector'). Three mutant plasmids were constructed in the same manner (their mutated sites shown in Figs 3(a) and 4(a) ) to identify which domain(s) are sensitive to RSV-induced tRF5-GlyCCC and/or tRF5-LysCTT.
To investigate whether tRF5-GlyCCC and tRF5-LysCTT on the luciferase expression are controlled specifically by the complimentary sequences of tRFs, A549 cells were co-transfected with Pp-anti_GlyCCC or Pp-anti_LysCTT sensor plasmids (firefly plasmids), pRL-CMV plasmids expressing Rr (renilla luciferase) and anti-GlyCCC or anti-LysCTT oligonucleotides, using Lipofetamine 2000 according to the manufacturer's instructions (Invitrogen). Pp-vector plasmids and/or anti-control oligonucleotides were used as negative controls. After 2 h of transfection, the cells were infected with mock or RSV. At 15 h post infection (p.i.), cells were lysed for luciferase assays using a dual-luciferase kit (Promega, Madison, WI) to assess the effect of antisense oligos on the luciferase expression. The sequences of 'antiGlyCCC' and 'anti-LysCTT' are shown in Figs 3(a) and 4 (a). Data processing and normalization are described in the legends of Figs 3 and 4 . Synthetic anti-tRF5-GlyCCC or anti-tRF5-LysCTT oligonucleotides, purchased from Sigma, were 20 nt mixed oligonucleotides that contain a backbone phosphorothioate and have 5 nts on each end substituted with 2¢-O-methyl ribonucleotides [10, 17, 18] . We also used mutant Pp plasmids to confirm the inhibition specificity by interested tRFs and to identify the domains of tRFs responsible for the gene inhibition.
The gene regulatory function of tRF5-GlyCCC or tRF5-LysCTT was also performed in ectopic expression conditions, where mimic dsRNAs were transfected. 'tRF-specificmimic' and 'Control-mimic' were purchased also from Sigma. A549 cells were co-transfected with the mimics and luciferase sensor plasmids using Lipofectamine 2000. Cells were harvested for dual-luciferase assays at 40 h posttransfection. All other details, such as the concentrations of oligonucleotides and plasmids, are described in Figs 3(a) and 4(a).
RNA interference siRNAs against angiogenin or Dicer were purchased from Sigma or Invitrogen. 100 nM of siRNA was transfected into A549 cells, by using Mirus (Madison, WI) according to the manufacturer's recommendations. Forty hours later, A549 cells were mock-or RSV-infected for 15 h at an m.o.i. of 1.
Western blot analysis
The total cell lysate after the infection was prepared using RIPA buffer. The lysates were collected and quantified with a protein quantification kit from Bio-Rad, followed by fractionation by SDS-PAGE. The separated proteins were then transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5 % milk in Tris-buffered saline (TBS)-Tween 20 and incubated with the proper primary antibodies according to manufacturer's instructions.
Cytokine and chemokine quantification
The levels of chemokines and cytokines shown in Fig. 5 were quantified by using a Multi-Analytic Profiling Human Cytokine/Chemokine Kit (Bio-Rad, Hercules, CA), according to the manufacturer's instructions. Data were analysed using the Multiplex Analyst Software from Bio-Rad.
Statistical analysis
Statistical significance was analysed using analysis of variance (ANOVA). P value of less than 0.05 was considered significant. Mean±standard error (SE) is shown. 
